Substantial evidence exists that reactive oxy gen species participate in the pathogenesis of brain dam age following both sustained and transient cerebral isch emia, adversely affecting the vascular endothelium and contributing to the formation of edema. One likely trig gering event for free radical damage is delocalization of protein-bound iron. The binding capacity for some iron binding proteins is highly pH sensitive and, consequently, the release of iron is enhanced by acidosis. In this study, we explored whether enhanced acidosis during ischemia triggers the production of reactive oxygen species. To that end, enhanced acidosis was produced by inducing ischemia in hyperglycemic rats, with normoglycemic ones serving as controls. Production of HzOz, estimated from the decrease in catalase activity after 3-amino-1,2,4-triazole (AT) administration, was measured in the cerebral cortex, caudoputamen, hippocampus, and sub stantia nigra (SN) after 15 min of ischemia followed by 5, 15, and 45 min of recovery, respectively (in substantia nigra after 45 min of recovery only). Free iron in cere brospinal fluid (CSF) was measured after ischemia and 45 min of recovery. Levels of total glutathione (aSH + OSSH) in cortex and hippocampus, and levels of Experimental evidence indicates that the brain level and/or supply of glucose influence the out come of cerebral ischemia. Thus, preischemic hy perglycemia is associated with aggravation of brain damage (and intracellular pH in the brain during and following isch emia in hyperglycemic and in moderately hypoglycemic rats.
a-tocopherol in cortex, were also measured after 15 min of ischemia followed by 5, 15, and 45 min of recovery. The results confirm previous findings that brief ischemia in normoglycemic animals does not measurably increase H202 production in AT-injected animals. Ischemia under hyperglycemic conditions likewise failed to induce in creased H202 production. No difference in free iron in CSF was observed between animals subjected to isch emia under hyper-and normoglycemic conditions. The moderate decrease in total glutathione or a-tocopherol levels did not differ between normo-and hyperglycemic animals in any brain region or at any recovery time. Thus, the results failed to give positive evidence for free radical damage following brief periods of ischemia complicated by excessive acidosis. However, it is possible that free radical production is localized to a small subcellular com partment within the tissue, thereby escaping detection. Also, the results do not exclude the possibility that free radicals are pathogenetically important after ischemia of longer duration. Key Words: Cerebral ischemia-Free radicals-Reactive oxygen species-Free radical scaven gers-Rat. and Hansen, 1978; Ginsberg et aI., 1980; Rehncrona et aI., 1980a Rehncrona et aI., , 1981 ; Kalimo et aI., 1981; Pulsinelli et aI., 1982; Smith et aI., 1988) , and alters the distri bution and evolution of brain injury (Smith et aI., 1988; lnamura et aI., 1988) . Cardinal features of hy perglycemia-related damage are the development of widespread edema and postischemic seizures (My ers, 1979; Siemkowicz, 1985; Warner et aI., 1987; Lundgren et aI., 1990a) .
The mechanisms by which elevated brain glucose levels exaggerate brain injury remain unknown.
However, there is considerable evidence that the increased brain damage is related to enhanced ac-cumulation of lactate plus H + and to a further de crease in intra-and extracellular pH (Ljunggren et aI., 1974; Rehncrona et aI., 1980a, 198 1; Welsh et aI., 1980; for review, see Siesj6, 1988a ). An extra cellular pH (pHe) of 6. 1 during ischemia was found in hyperglycemic animals, compared to 6. 6 in nor moglycemic subjects (Siemkowicz and Hansen, 198 1) . Similar values were obtained by Kraig et al. (1986) , who explored in detail the relationship be tween � lactate and � pHe. The corresponding in tracellular pH (pH) values in hyperglycemic and moderately hypoglycemic animals were 5. 95 and 6. 36, respectively (Smith et aI., 1986) . One possible mechanism mediating the adverse effects of intra cellular acidosis in the formation of free radicals. In vitro, acidosis caused delocalization of protein bound iron, thereby facilitating iron-catalyzed pro duction of reactive oxygen species (Barber and Bernheim, 1967; Siesj6 et aI., 1985; Rehncrona et aI., 1989) .
Iron is important because it can catalyze the con version of poorly reactive species ( . 02 -, H202) into the highly reactive ·OH, which can damage DNA, proteins, and carbohydrates (Freeman and Crapo, 1982; Gutteridge, 1985,1990; Halli well, 1987) . Extracellular iron is mainly bound to transferrin, in which form it will not stimulate free radical reactions (Aruoma and Halliwell, 1987) . At pH values below 6. 7, one of its two binding sites releases the iron (Miller and Perkins, 1969; Lestas, 1976; Aisen, 1979) . Furthermore, below a pH of 6.�. 5, Fe 2 + is more soluble (in contrast to the Fe3 +) (Bernat, 1983) . Intracellular iron is stored in ferritin (Harrison, 1977) . Its release from ferritin re quires that it first becomes reduced, e.g., by '02 -.
The release is increased at a low pH (�6). There fore, both extra-and intracellular decrease in pH probably favors iron release and ·OH formation.
It has been difficult to assess free radical forma tion as a result of ischemia. In vitro, generation of free radicals consumes ascorbate, a-tocopherol, and reduced glutathione (Rehncrona et aI., 1980b; Siesj6 et aI., 1985) , and lipid peroxidation is inhib ited in brain homogenates from animals supple mented with a-tocopherol (Yoshida et aI., 1985) . In vivo, Flamm et al. (1978) reported a decrease in reduced ascorbic acid after focal cerebral ischemia in the cat. However, subsequent studies on com plete and incomplete cerebral ischemia were con tradictory since they gave no clear evidence that ischemia of brief to moderate duration leads to con sumption of ascorbate, a-tocopherol, and reduced glutathione by free radical-related mechanisms (Cooper et aI., 1980; Rehncrona et aI., 1980b; Yoshida et aI., 1982 Yoshida et aI., , 1985 Abe et aI., 1983) .
Measurement of lipid peroxidation has also given equivocal results. Watson et al. (1984) found in creased conjugation of dienes after transient cere bral ischemia, but the effects were small and ob served in some samples only. Bromont et aI. (1989) showed increased levels of thiobarbituric acid reactive (TBAR) material in ischemic brain that par alleled the distribution of selective vulnerable re gions. However, the increase in TBAR material was found after long periods of recirculation (8 and 72 h). With the advent of new techniques, the evidence for postischemic formation of free radicals has be come stronger. Brain H202 production, measured as H202-dependent 3-amino-I,2,4-triazole (AT) in activation of endogenous catalase, has been intro duced as a tool for estimating production of reactive oxygen species. Hyperoxia was shown to increase the rate of cerebral Hz02 production (Yusa et aI., 1987) , and neurological deficits were found to cor relate with H202 levels after unilateral carotid ar tery occlusion followed by reperfusion in the gerbil (Patt et aI., 1988) .
Recent studies with free radical scavengers also provide strong evidence for free radical damage in cerebral ischemia. Aminosteroids has been claimed to reduce the damage after middle cerebral artery (MCA) occlusion in the cat (Silvia et aI., 1987) .
Dimethylthiourea was reported to decrease both brain edema and neuronal damage after unilateral carotid occlusion for 3 h in the gerbil (Patt et aI., 1988) as well as after permanent MCA occlusion in Sprague-Dawley rats (Martz et aI., 1989 (Martz et aI., , 1990 in cortex and hippocampus and a-tocopherol in cor tex were analyzed to explore whether ischemia in hyperglycemic subjects was followed by decreases in the amounts of these endogenous scavengers at the onset of recirculation.
METHODS

Animals and operative and experimental procedures
All experiments were performed on adult male Wistar rats (280-390 g) of an S.P.F. strain (Mpllegaard's Breed ing Center, Copenhagen, Denmark). The animals were fasted overnight with water ad libitum. The operative and experimental procedures were essentially those previ ously described (Lundgren et aI., 1990b) . In brief, anes thesia was induced with 3.5% isoflurane and 70% N20 in O2, The animals were intubated, and ventilation was con tinued with a respirator delivering 1.5-2.0% isoflurane. A central venous catheter was inserted and a string was placed around each common carotid artery. In addition, a catheter was placed in the tail artery for blood pressure measurement, analysis of blood gases, and pH (Acid-base analyzer ABL 30, Radiometer, Copenhagen, Denmark), and plasma glucose (Beckman Glucose Analyser 2, Beck man Instruments Inc., Fullerton, CA, U.S.A.). An inci sion at the back of the head gave access to the atlanto occipital membrane for CSF sampling. Needle electrodes for EEG recording were inserted, and temperature probes were placed on the head just outside the skull bone and in the rectum. After the surgical procedures, the isoflurane concentration was discontinued; the animals were then ventilated with 70% N20 in O2 and immobilized with sux amethonium chloride. The drug 3-amino-l, 2, 4-triazole (AT, Sigma, St. Louis, MO, U.S.A.), 1, 000 mg kg-I dis solved in 0.9% NaCI was injected i.p. and the animals were allowed a steady-state period of 30 min. During the first 5 min of the steady-state period, the hyperglycemic groups were given an i.v. glucose load (0.92 g kg-I of body weight) followed by a slower i. v. infusion (0.039 g kg-I min -I) of a solution containing 25% glucose. The normoglycemic groups were given an identical volume of saline (3.7 ml kg-I of body weight as a load, 0.16 ml kg-I min -I as a slow infusion). A heating table and/or heating lamp adjusted the skull and rectal temperature to 37.0-38.0°C. Fifty IU of heparin was given i.v. prior to the first blood sampling.
After the steady-state period, when all physiological parameters were in the desired ranges, the glucose/saline infusion was stopped, and ischemia was started with cen tral venous exsanguination. Bilateral carotid clamping was performed when the blood pressure was below 50 mm Hg. Blood pressure was then maintained around 50 mm Hg (40-60 mm Hg) with additional withdrawal or reinfusion of blood. Ischemia was verified by the absence of EEG activity. After 15 min of ischemia, brain circula tion was restored by removal of the carotid clamps, rein fusion of shed blood, and i.v. injection of 0.5 ml of a 0.6 M sodium bicarbonate solution. After 5, 15, and 45 min of recirculation, the animal was decapitated; the fresh brain was then immediately removed and cut into two hemi spheres for subsequent analysis. The 45 min recovery group received suxamethonium chloride during recircu lation.
Measurement of H202 production
The production of H202 in brain tissue was indirectly estimated by measurement of catalase activity after i.p. administration of AT (Sinet et aI., 1980; Patt et aI., 1988; Agardh et aI., 1990) . After decapitation, one fresh hemi sphere was immediately rinsed in ice-cold saline, stripped of adherent blood vessels and dura, followed by dissec tion on ice of the frontal cortex, caudoputamen, hippo campus, and (in some of the animals) substantia nigra. The dissected tissue (=30 mg) was homogenized slowly for 2.5 min with 0.5 ml of ice-cold phosphate-buffered saline (PBS, 50 mM, pH 7.0) with 1% Triton X-loo. The homogenate was kept on ice until analyzed. The remain ing catalase activity was determined by measuring the maximal rate of O2 production from H202 with a Clark electrode. One unit of catalase is the amount of enzyme that decomposes I nmol of 10 mM H202 per min at 37.0°C and pH 7.0, and the enzyme activity is expressed in units mg of protein -I. Protein was measured according to Lowry et al. (1951) with bovine serum albumin (BSA) as the standard.
Measurement of free Fe
Free Fe, i.e., Fe available to bleomycin, was measured as described earlier by Gutteridge et al. (1981) using 50 or 100 fLl samples.
Measurement of glutathione
Total glutathione (GSH + GSSH) was analyzed in pa rietal cortex and caudoputamen according to Folbergrova et al. (1979) . About 20 mg of tissue was homogenized and 0.3 ml of the homogenate was extracted using the acid methanol-perchloric acid extraction procedure (Lowry and Passonneau, 1972) . Total glutathione was measured after its oxidation to GSSG (oxidized glutathione) in the presence of hydrogen peroxide. GSSG was then deter mined by the reduction of GSSG in the presence of NADPH and glutathione reductase followed by the mea surement of the decrease in NADPH fluorescence.
Measurement of a-tocopherol
The concentration of a-tocopherol was analyzed in pa rietal cortex according to Westerberg et al. (1981) . About 20 mg of brain tissue was homogenized and extracted with a mixture of 0.2 ml of 10% aqueous solution of ascor bic acid, 0.2 ml of ethanol, and 0.4 ml of hexane. 5, 7-Dimethyltocol was added as an internal standard. The mixture was centrifuged at 9,000 g for 10 min and the supernatant stored at -20°C until analyzed. The a-tocopherol concentration was measured with high performance liquid chromatography (model U 6 K injec tor, model 6000 A solvent delivery system, model 440 absorbance detector; Water Associates, Milford, MA, U.S.A.) using hexane with 0.8% ethanol as mobile phase with a P5 NH2 CN-3oo column (Particil 5 PAC; HiCrome Ltd., Reading, U.K.). Fifty microliters of the sample was injected and absorbance was measured at 254 and 280 nm. The a-tocopherol levels were quantified from the peak height at 280 nm (correlated to the internal standard, 5,7dimethyltocol). Some absorbance curves showed broad and/or biphasic peaks and therefore the area was mea sured instead of the peak height.
Groups
There were six ischemic groups with six animals in each. In three groups, the animals were normoglycemic and in three they were hyperglycemic. For each glycemic state, sampling was made after 5, 15, and 45 min of re covery. There were four nonischemic control groups with four to five animals in each. One was normoglycemic and sampled 60 min after AT injection. The other three were hyperglycemic and sampled 30, 60, and 90 min after AT was given. In all animals, H202 production was analyzed in parietal cortex, caudoputamen, and hippocampus. In addition, H202 production was analyzed in the substantia nigra (SN) in one-half of the ischemic animals. In order to achieve complete groups for SN analyzed after 45 min of recovery, an additional four normo-and four hyperglyce mic animals were added.
Statistics
Multiple regression analysis was performed for com paring the inactivation rate of catalase activity. In Fig. 1 , the regression lines are given in a semilog plot, and means ± SD indicated for each individual group. The 13 coeffi cient estimated is � log catalase activity (units)/� time (min). The other data were subjected to statistical com- The values shown before ischemia in normoglycemic rats are derived from Agardh et al. (1990) . The values repre sent means ::t SD (n = 5-6 in each group). In the recovery period, the lin ear regression line is plotted (dashed and filled lines in normo-and hyper glycemic animals, respectively). 13 = beta coefficient from regression anal ysis. R = correlation coefficient.
parison performed with one-way analysis of variance (ANOVA) and post hoc Scheffe's F test. Student's t test was performed when specified.
RESULTS
Physiological variables
Before ischemia, all physiological parameters were within the normal range except the intentional increase in glucose concentrations in the hypergly cemic groups (Table 1 ). In the recirculation period (5 min of recovery), arterial pH was around 7. 0 in both normo-and hyperglycemic animals, and no significant differences were observed between the two glycemic states.
Catalase activity
Nonischemic groups. In normoglycemic sham operated animals, catalase activity, measured as the H202 production, was 1. 31 ± 0. 31 (mean ± SD) units mg of protein -1 in cerebral cortex 60 min after AT injection. In hyperglycemic subjects, the corti cal catalase activity was 1.70 ± 0.19, 1.34 ± 0.32, and 0. 86 ± 0. 12 units mg of protein -1 at 30, 60, and 90 min after AT administration, respectively. Both the levels and the rate of fall (� = -0.0048) in cortical catalase activity with time were similar to previously reported values in normoglycemic rats (Agardh et aI., 1990) . No significant regional differ ences in basal catalase activity were observed be tween cortex, hippocampus (� = -0.0053), cau doputamen (� = -0.0040), and SN (� = -0.0062).
In SN, the activity was 2.15 ± 0.33 units mg of protein -1 at 30 min after AT injection in the hyper glycemic animals (p > 0. 05). Under basal condi tions, no differences were observed between normo-and hyperglycemic animals.
Ischemic groups. In normoglycemic animals, cor tical catalase activity after ischemia followed by 15 min of recirculation was 1.37 ± 0.24 units mg of protein -1 , similar to our previously reported value (Agardh et aI., 1990) , and did not differ from the value measured in the corresponding control ani mals. In addition, the decrease in catalase activity after ischemia appeared to be similar to control val ues (see Fig. 1 ). Values in the same range and a similar decrease were also measured in the recov ery period in the hippocampus and caudoputamen (see Fig. 1 ). In the SN, the activity was 1.02 ± 0.40 units mg of protein . -I after 45 min of recovery.
After ischemia under hyperglycemic conditions, The skull temperature during ischemia denotes the mean of the values measured four to five times during the ischemic period. Glucose, blood gases, pH, and blood pressure were measured 5 min before ischemia and after 5 min of recovery. NG = normoglycemia. HG = hyperglycemia. SH = sham operated. RC = recovery.
Values represent means ± SD.
the catalase activity did not differ from that mea sured in normoglycemic animals. Thus, no further decrease was observed after 5, 15, or 45 min of recovery in the neocortex, hippocampus, and cau doputamen (Fig. l) . In the SN, the catalase activity was 1.09 ± 0. 16 units mg of protein -\ after 45 min of recovery, i.e., similar to that measured in non ischemic control animals.
Available Fe in CSF
Only in about one-half of the animals was enough CSF obtained for analysis of bleomycin-detectable
Fe. There seemed to be slightly higher values in the ischemic groups, but the interanimal variation was large and no significant differences between any of the groups were observed. After ischemia with nor moglycemia and 45 min of recovery, free Fe was 0.84 ± 1. 25 !Lmol L -\ (n = 8) compared to 0.33 ± 0. 43 !Lmol L -\ in the control animals (n = 4). After ischemia with hyperglycemia followed by 45 min of recovery, it was 0.67 ± 0.73 !Lmol L -\ (n = 7) compared to 0. 41 ± 0. 80 !Lmol L -\ (n = 10) in the hyperglycemic, nonischemic control animals.
Total glutathione
The values for total glutathione levels in cortex and hippocampus are given in Table 2 . There were no significant decreases in the levels at any time in the recovery period compared to the sham-operated animals, either under normo-or hyperglycemic con ditions. However, the levels were about 10% lower after ischemia under both glycemic conditions. This became clearer when the three ischemic groups (ei ther normo-or hyperglycemic) were pooled, and compared with the single normoglycemic or with the three hyperglycemic control groups. The de crease was then significant (p < 0. 05; Student's t test) under hyperglycemic conditions in both the cortex and hippocampus, but not under normogly cemic conditions.
No difference was observed between the normo and hyperglycemic groups at any time point in the recovery period. The values measured in the hyper-glycemic animals after ischemia appeared slightly lower compared to the values in the normoglycemic subjects, but the relative decrease compared to the sham-operated animals was the same.
a-Tocopherol
The concentrations of a-tocopherol are given in Table 3 . No decrease in the level was observed after 5, 15, and 45 min of recovery following ischemia compared to control groups, and no differences were noted between animals under normo-and hy perglycemic conditions.
DISCUSSION
The results in this study following transient isch emia are in accordance with earlier investigations (Rehncrona et aI., 1980b; Cooper et aI., 1980 ) that failed to show changes in tissue glutathione and a-tocopherol contents indicative of free radical for mation. Our results also confirm a previous study from our laboratory (Agardh et aI., 1990) showing that transient ischemia is not accompanied by in creased H202 production in cerebral cortex, and they extend the observations to caudoputamen, hip pocampus, and SN. The results also failed to show significant increases in levels of bleomycin detectable iron in CSF in the recovery period fol lowing 15 min of cerebral ischemia. Most im portantly, there were no significant differences between animals under hyper-compared to normo glycemic conditions. The results do not support the hypothesis, therefore, that formation of reactive ox ygen species contributes to brain damage when ischemia of 15 min duration is complicated with ex cessive acidosis.
When brain tissue is incubated in vitro in the presence of iron and ascorbic acid, the ensuing pro duction of free radicals leads to the oxidation of GSH and the appearance of GS SH, and if pH is lowered, there is massive consumption of a tocopherol (Rehncrona et al., 1980b; Siesj6 et al., 1985) . It is more uncertain if tissue levels of GSH The values are expressed as f.Lmol g of tissue wet weight -1 and are given as means ± SO. The values are expressed as fLg g of tissue wet weight -1 and are given as means ± SD. and GSSG will reflect free radical formation in vivo. This is because GSSG will be recycled to GSH by glutathione reductase in a reaction requiring NADPH mainly produced in the phosphogluconate pathway (Hotta and Sevenko, 1968 Although measurement of H202 formation gives more direct evidence of production of reactive ox ygen species, the limitations of the method should be recalled. Catalase appears predominantly within the microperoxisomes in brain tissue (Gaunt and DeDuve, 1976) . Catalase inhibition by AT can serve directly to detect endogenous H202 in the micro peroxisomes but not the cytoplasmic H20z, since the cytoplasmic H202 scavenger glutathione perox idase is not inactivated by AT (Sinet et aI., 1980) . (Lundgren et al., personal communica tion) . In spite of this, we cannot exclude the possi bility that enhanced acidosis increases the produc tion of reactive oxygen species during recirculation; in fact, we cannot even state with certainty that free radicals do not contribute to the lesions observed.
This is because production of free radicals may be localized within the tissue, and because the damage may be triggered after hours of recirculation.
Free radical production may occur in a small compartment within the tissue, such as the mi crovessels. There are three major indications sug gesting this. First, long periods of cerebral ischemia lead to the involvement of vessels and glial cells, compared to the selective neuronal damage ob served after shorter periods of ischemia (Petito et aI., 1982; Pulsinelli et aI., 1982; Smith et aI., 1984;  see also Siesj6, 1988b). One indication of the effect on the microvessels after ischemia is the formation of vasogenic edema, and substantial evidence, both in vitro and in vivo, exists that oxygen radicals con tribute to edema formation Fishman, 1983,1985; Patt et aI., 1988; Martz et aI., 1990) . Sec ond, the xanthine oxidase/hypoxanthine-xanthine system, which is regarded as one of the major con tributors to production of oxygen radicals, is mainly localized to the microvessels (Betz, 1985; Jarasch et aI., 1986; Patt et aI., 1988) . The conversion of xan thine dehydrogenase to xanthine oxidase by prote olysis, occurring during ischemia, expectantly leads to the formation of '02 -in the recovery period, when xanthine and hypoxanthine are oxidized to urate (McCord, 1985; Halliwell, 1987 Halliwell, ,1989 . This sequence of events may well lead to microvessel damage and to vasogenic edema. Third, activated leukocytes may produce reactive oxygen species (e.g., Babior et aI., 1973; Simpson et aI., 1988) . In support, depl()tion of leukocytes in the recirculation appears to be protective against reperfusion injury in the neonatal heart (Breda et aI., 1989) . It cannot be excluded that free radical damage affecting the microvessels "matures" over hours, finally leading to secondary damage characterized by edema and infarction. It seems justified that this possibility is explored, and also that free radical scavengers are J Cereb Blood Flow Metab. Vol. 11, No.4, 1991 administered in such a way that therapeutic concen trations are maintained over many hours. Finally, it may be speculated that local differences in iron me tabolism due to differences in concentrations of transferrin, transferrin receptors, and intracellular ferritin may be of importance.
